Abstract-With the increased variability and uncertainty of net load induced from high penetrations of renewable energy resources and more flexible interchange schedules, power systems are facing great operational challenges in maintaining balance. Among these, the scarcity of ramp capability is an important culprit of power balance violations and high scarcity prices. To address this issue, marketbased flexible ramping products (FRPs) have been proposed in the industry to improve the availability of ramp capacity. This paper presents an in-depth review of the modeling and implementation of FRPs. The major motivation is that although FRPs are widely discussed in the literature, it is still unclear to many that how they can be incorporated into a co-optimization framework that includes energy and ancillary services. The concept and a definition of power system operational flexibility as well as the needs for FRPs are introduced. The industrial practices of implementing FRPs under different market structures are presented. Market operation issues and future research topics are also discussed. This paper can provide researchers and power engineers with further insights into the state of the art, technical barriers, and potential directions for FRPs.
I. INTRODUCTION

M
AINTAINING balance in power system operations requires controllable resources to adjust their power output to match the time-varying net load. The net load, which equals the actual system load minus the renewable generation and scheduled interchange, is both variable and uncertain in realtime operations [1] , [2] . This can lead to significant operational challenges in an electric grid, especially when the proportion of generation from renewable resources in the system is high. For example, in 2013 19% of Xcel Energy's electricity in Colorado was generated by wind, and on a specific day wind power supplied more than 61% of the energy to meet the customers' The authors are with the National Renewable Energy Laboratory, Golden, CO 80401 USA (e-mail: qin.wang@nrel.gov; bri.mathias. hodge@nrel.gov).
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needs [3] . It has been observed recently that the variability and uncertainty of the net load will bring two main negative impacts to power systems. First, the ramp response of controllable resources will become taxed. Second, the frequency of shortterm generation scarcity events will increase due to shortages of ramping capacity [4] . Insufficient ramping capacity may lead to operational challenges as well as increased costs to power systems. One of the most undesired outcomes due to inadequate ramping capacity is wind curtailment, which, for example, causes an approximate annual loss of $14.5 million for the northern states power company alone [5] . At the California independent system operator (CAISO), in 2015, approximately 18% of demand was served by nonhydro renewable energy resources (RESs) [6] . The installed capacity of solar Photovoltaics (PV) will increase from 1764 MW in 2012 to 8000 MW in 2020. One emerging challenge is the significant demands on ramp-down capacity during sunrise and ramp-up capacity during sunset, as shown by the "duck curve" [7] . Insufficient ramping capability can trigger power balance violations, which means that there are not enough flexible generation resources in a system to maintain the instantaneous balance of power supply and demand. In this situation, the system has to rely on regulation service and/or interconnection power to meet the imbalance. Both may cause operational issues: the former may cause a frequency deviation and increased area control error; and the latter will impact the system's ability to meet the required operational performance criteria. In addition, the power balance violation will cause high penalty prices during the dispatch process, which creates market inefficiency in the long run. To overcome those challenges, two major regional transmission organizations (RTOs) /independent system operators (ISOs) in the United States-CAISO and Midcontinent ISO (MISO)-have proposed market-based flexible ramping products (FRPs) to meet both the variability and uncertainty of the net load and to achieve higher net responsiveness from the existing controllable resources [4] , [8] . The FRPs introduce two new market design variables to the existing unit commitment (UC) and economic dispatch (ED) formulations: flexible ramp-up (FRU) and the flexible ramp-down (FRD) capabilities. The benefits of the FRPs to the electricity market include the ability to: 1) Better manage the ramping capacity from controllable resources responding to system changes; 2) reduce the frequency of power balance violations; 3) reduce the deployment of regulation service; 4) reduce the occurrence of penalty prices due to ramp scarcity; 5) enhance operational reliability and flexibility; 6) realize a tangible cost savings; and 7) increase market efficiency [4] . In addition to the successful implementation in the industry, the FRPs are attracting increased interest from researchers and power engineers. For example, [9] and [10] compared a deterministic dispatch model with FRPs to a stochastic dispatch model and found that the benefit of adopting FRPs is impacted by the parameters of the FRPs (such as the up-/down-ramp requirements, and net load forecast errors). To meet the expected changes in the system conditions, two recent strategies have been proposed: time-coupled multiperiod market-clearing models and the incorporation of ramping capacity constraints. Reference [11] evaluated these methods in terms of both efficiency and reliability. Reference [12] developed a FRP model to manage the ramp flexibility with high penetrations of renewable resources. Reference [13] discussed the system's ramp requirement design and showed that the FRPs can effectively manage net load variation and uncertainty. Reference [14] incorporated the FRU and FRD constraints into a risk-limiting ED scheme, wherein risk is defined as the "loss-of-load probability." Reference [15] proposed a day-ahead scheduling model that allows for the optimal procurement of the FRPs on an intrahourly basis for the European central dispatch systems. In addition, some researchers are proposing to provide ramping service with wind [16] , [17] and electric vehicles (EVs) [18] to enhance power system operational flexibility.
Although many publications introduce the implementation of FRPs in electricity markets and assess their effects, to the best of our knowledge, a comprehensive literature survey on FRPs has not been conducted, and given the interest, should be widely desired. The motivation and purpose of this paper is to show the latest developments in FRP application and research in enhancing power system operational flexibility, quantifying FRP benefits, and analyzing the impacts of smart grid technologies (such as EVs, storage, and improved wind ramp forecasting) on FRPs.
The remainder of this paper is organized as follows. Section II introduces the concepts of power system operational flexibility and the FRPs. Section III summarizes the existing industry practices of implementing FRPs. Section IV discusses market operation issues. Finally, Section V concludes and proposes future research topics.
II. CONCEPTS OF POWER SYSTEM OPERATIONAL FLEXIBILITY AND FRPS
A. Definition of Power System Operational Flexibility
Operational flexibility is an important property of electric power systems. It is attracting wide attention recently because many of today's power systems are converting from fossil fueldominated systems to those that can efficiently accommodate high penetrations of RESs. However, often the term operational flexibility (or simply flexibility), when referring to power system operations, is not properly defined. In different studies in the literature, the same terms may refer to different things, ranging from the quick response of certain generation units to the degree of efficiency and robustness for a given electricity market setup [19] - [23] . The value of operational flexibility can usually be measured indirectly through signs of a systems' inflexibility, which include: 1) difficulty balancing demand and supply, resulting in frequency excursions or load shedding; 2) significant renewable energy curtailments; 3) area balance violations; 4) negative or very high positive (i.e., penalty) market prices; and 5) extreme market price volatility across time [24] . In the literature, the analytic frameworks to measure flexibility can be categorized into three types.
1) Use diagrams and/or tools to visualize a system's flexibility. For instance, a "flexibility chart" was proposed to summarize capacities of a subset of different types of physical sources of flexibility: dispatchable plants, pumped-hydro storage, and interconnections [25] . 2) Use one or several specific metrics to measure the flexibility, such as the insufficient ramping resource expectation (IRRE) [20] , expected unserved demand [26] , and operational flexibility index [27] . 3) Use mathematical models to quantitatively calculate power system operation margins [28] . A summary of related literature is shown in Table I .
B. Increased Variability and Uncertainty in Power System Operations
Maintaining the operational flexibility of electric grids has become an important focus recently primarily because of the increased levels of grid-connected variable renewable energy, as well as changing customer behaviors on the distribution side [37] - [41] . Variability means that the operational conditions of a power system change over time, which is caused by the forecasted variations in demand, renewable energy output, and net scheduled interchange (NSI). On the other way, the values of the forecasted variations are not known with perfect accuracy, and there always exist unexpected conditions in the operational process, such as outages, contingencies, and dispatchable resources not following their set points. These lead to uncertainty in the system. Most of the previous literature deals with the management of uncertainty, and two basic ways have been proposed: the stochastic programming approach to schedule resources and smart reserve requirements. The former explicitly attempts to minimize expected objective values over predefined probabilities of system changes [42] - [48] . Similar ideas also include the robust optimization approach, which defines a deterministic uncertainty set rather than the probability distribution on the uncertain data [49] - [54] ; and the risk-based approach, wherein, risk is defined as the product of probability and consequence of uncertain events [55] - [62] . Instead, the latter imposes operating and contingency reserve requirements in deterministic models [63] - [67] . Nevertheless, the literature dealing with the system variability is relatively sparse. This is because the variability of the net load is forecastable and can be naturally dealt with by generation redispatches during real-time operations. Al- • Flexibility Chart [25] .
• Flexibility Assessment Tool (FAST2), which uses time-series data [29] .
Renewables, which provides a visually oriented snapshot of flexibility [24] .
• Dynamic upward and downward ramping capability curve [30] .
Strength: Easy to create; allows for comparison across different systems; easy to understand. Weakness: Contains limited information; should be used prudently.
Flexibility Metrics
• Percentage of GW installed capacity of generation type relative to peak demand; maximum upward/downward change over given time horizon; expected percentage of incidents in a time period [24] .
• Power provision capacity; power ramp rate capacity; energy provision capacity, and ramp duration [23] , [31] .
• System generation mix; dynamic ramp-up/-down ranges; and minimum generation levels [30] , [32] .
• IRRE; periods of flexibility deficit [33] .
• Expected unserved demand; operational flexibility index [26] , [27] .
• Lack of ramp probability [34] .
Strength: Quantifies the flexibility with available indices; provides suggestions on how to improve the flexibility. Weakness: Only evaluates one or a fewl aspects of the system flexibility; lack of comprehensive analytic framework.
Comprehensive Models
• Heterogeneous unit clustering method [35] .
• A unified framework for assessing flexibility with robust optimization techniques [28] .
• Measuring the thermal generation flexibility under a stochastic optimization framework [36] . though single-interval optimization models are widely used for real-time operations in the major U.S. electricity markets, the look-ahead UC and ED models, which cover multi-interval timecoupled constraints, are attracting increased attention [68] - [74] .
C. Approaches to Enhance Power Grid Operational Flexibility
Many different resources are available to deliver grid flexibility. Flexibility can come from physical assets such as batteries and fast-ramping gas plants, but it can also come from improved operations, such as shorter dispatch intervals, new ancillary services, and improved weather forecasting [75] . In general, the lowest cost options fall into the category of improved grid operations due to the fact that it can utilize the existing infrastructure and make relatively small operational changes to efficiently balance the energy demand and supply. Other options, as shown in Fig. 1 , are available but relatively more expensive than im- proved operations [76] . In what follows, literature on different approaches is briefly introduced.
1) Improved Operations: Advanced models and algorithms for improving the UC and ED processes are in the central of operational improvements. For instance, tight and compact mixed-integer linear programming (MILP) formulation has been proposed to model the startup (SU) and shutdown (SD) power trajectories of thermal units [77] and the configuration of combined-cycle units [78] . Improving the wind, solar, and load forecasting is another approach to enhance power system operational flexibility [30] .
2) Demand Response: Incorporating dispatchable demand response resources (DRRs) into the energy market can increase the grid flexibility. In MISO, DRRs can bid into the ancillary service to provide regulation services [79, old82] , while in Electricity Reliability Council of Texas (ERCOT) the DRRs are heavily utilized to provide spinning reserves [80] . The emerging demand response techniques include the smart thermostats, building automation systems, plug-in EVs, and others.
3) Improved Grid Infrastructure: Transmission congestion is a major bottleneck for delivering flexible power in the grid. Increased transmission capacity can facilitate the electricity delivery within or among balancing areas, thus help balance the supply and demand. On the distribution side, the implementation of large volume of sensors and smart meters, communication devices, and advanced information technologies can also help balance out supply and demand.
4) Fast Start Resources:
In real-time operations, fast start resources such as combined-cycle units, aero-derivative gas turbines, and reciprocating engine turbines have short start up time and rapid ramp rates, thus can provide needed system flexibility [81] .
5) Energy Storage:
An abundance of energy storage (ES) technologies including grid-scale batteries, pumped hydro, compressed air, fly wheel and others can provide flexibility on the grid [82] .
D. Enhance Power System Operational Flexibility with FRPs
The FRPs are a new market design to address the operational challenges of maintaining balance and fall into the category of "improved operations" in Fig. 1 . Fig. 2 shows the profiles of projected load and renewables on a typical day in 2020 in the CAISO system [2] . It is observed from the net load curve that significant ramp-down capacity is needed after hour 7, and ramp-up capacity is needed between hour 17 and 19. Meeting the power balance at hours 7 and 17 is challenging because the net load curve deviates from the actual demand curve significantly at those periods, and the system needs to have enough flexibility for conventional generation units to be tuned ON/OFF and respond quickly. Through the FRU and FRD products, the system can directly manage the ramp requirements and thus attain higher levels of available ramping capabilities.
Different from the stochastic programming and smart reserve requirement approaches, the FRP model is designed to simultaneously address the variability and uncertainty of system changes. This is achieved through the calculation of flexible ramp requirements in each dispatch interval. Fig. 3 illustrates the evolution of FRU and FRD capacity needs in three dispatch intervals, from 3 are the upper and lower bounds of the uncertainty of forecasted net load at the corresponding time, respectively. At time t 0 , the FRU and FRD requirements are composed of two parts: the forecasted net load changes between t 0 and t 1 (i.e., the vertical distance between point L 0 and L 1 ) and the uncertainty of forecasted net load at time t 1 (i.e., the positive error between point L 1 and u 1 and the negative error between point L 1 and d 1 ). It is shown that the lower bound of the forecasting load at time t 1 (i.e., point d 1 ) is higher than the net load at t 0 (i.e., point L 0 ); thus, there is no FRD requirement at time t 0 . Instead, the upper bound of the forecasting load at time t 1 (i.e., point u 1 ) is above point L 0 ; thus, the FRU requirement equals the vertical distance between point L 0 and u 1 (or the FRU 0 value) in Fig. 3 . Similarly, the FRU and FRD requirement at t 1 is shown by FRU 1 and FRD 1 , respectively. At time t 2 , there exists both FRU and FRD requirements as well, shown by FRU 2 and FRD 2 in the figure.
Besides FRPs, some recent literature has proposed other electricity market products to enhance power system operational flexibility. References [36] and [83] proposed "ramping costs" to model the power output trajectory of thermal generating units. References [77] and [84] proposed a tight MILP formulation to model the SU and SD ramps for UC problems. These market products/models focus on precisely modeling the thermal unit's power trajectory during the ramp process, while, alternatively, the FRPs focus on developing new ramp products to mitigate the impacts of net load variability and uncertainty. Reference [85] proposed the ramp-capability reserves, an idea that is similar to the FRPs but under a "power-based" UC formulation framework.
III. INDUSTRIAL PRACTICES INCLUDING FRPS IN THE CO-OPTIMIZATION FRAMEWORK
A. Ramp Model in Traditional Electricity Market Framework
In power system generation scheduling, a number of studies have used the ramp rate limit constraints to model the unit state and generation output changes [86] - [88] . This is shown in the literature when security-constrained unit commitment (SCUC) and security-constrained optimal power flow models are extensively modeled [60] , [89] . Combined with other capacity limit constraints, the ramp-up/-down limits on an available resource are normally modeled as
where I is the set of all resources, L t is the length of interval t (in minutes), DR i, t (UR i, t ) is the down (up) ramp rate of resource i at interval t (in MW/min), and P i, t is the energy output of resource i at interval t. The constraints (1) reflect the ramping characteristics of the resources in the system by considering only the energy output. With the start of the ancillary service market in major ISO/RTOs of the United States, energy is co-optimized with regulation and contingency reserves [90] - [92] . The allocation of limited capacity among energy and ancillary services for a resource is constrained by
where REG i,t is the dispatch of regulation capacity on resource i at time t, SPIN i,t is the dispatch of spinning reserve capacity on resource i at time t, R max i,t (R min i,t ) is the regulation maximum (minimum) limit of resource i at time t, and E max i,t (E min i,t ) is the economic maximum (minimum) limit of resource i at time t. v i,t and u i,t are binary variables for regulation and economic commitment status, respectively.
Under the co-optimization framework, the dispatch engine will find the most economic solutions to balance the energy and meet the reserve requirements. The limited ramp rate capability of a resource is shared among cleared energy, regulation reserve, and contingency reserve. The purpose of doing this is to allocate part of the ramping capability to regulation and contingency reserves so that they can be deployed in a timely manner in the automatic generation control (AGC) process or after an unexpected contingency event occurs [79] . The ramping capability constraints in the co-optimization electricity market operation framework for online resources are shown as
where BR i, t is the capacity the resource i can move either upward or downward in a minute, i.e., the bidirectional ramp rate. L t is the interval for spinning reserves. In real-time electricity market operations L t and L t are normally set to 5 and 10 min, respectively. α and β are the coefficients used to adjust the ramp rate allocated to cleared regulation and online contingency reserves. For example, by setting α = 1, we allow the ramp rate for the clearing regulation to be deployed in L t min. At the beginning of MISO's ancillary market, the parameters α and β were set to 1 and 0.5, respectively [93] . The above ramp rate constraints have been widely used in all kinds of models for power system operations and controls [79] - [83] . One major weakness of these constraints is that they are only imposed on individual resources, without considering the system's overall ramping capability requirements. When there is a sudden change in the load and/or NSI, the system may not have enough ramping capability to meet the reserve requirement and balance the energy. This can jeopardize the secure operation of the system and cause price volatility. To reduce the chance for ramp shortages and price spikes and maintain reliable system operations, a flexible ramping model has been proposed in two major U.S. ISOs [4] , [8] ; however, their practices in implementing FRPs vary in terms of objective functions, ramp limit constraints, and assessment of operational uncertainties, mainly because of their different market sizes and resources dispatch intervals (single versus multiple).
B. Single-Interval FRPs
At MISO, the new FRU and FRD products are implemented with single-interval constraints in the energy and operating reserve market formulations [79] , but they will also be potentially considered for applications in the future time-coupled, multiinterval, look-ahead dispatch process. Unlike the reserve products, the ramp products do not have offers in the market. They are cleared and priced using the opportunity costs associated with providing ramps, e.g., providing room for units to ramp up by reducing their energy dispatch when necessary. The reason for not letting ramp products offer is that they are deployed implicitly through the dispatch function, and the units might move differently at time t than they were cleared at t−1 due to operational condition changes. The gap between the deployment and clearing process will not send the right price signal and incentives if the ramp products offer [94] .
The system-wide ramp-up and-down capability requirements are calculated based on historical data using statistical approaches. The ramp requirement represents the response available in a future interval, say t + m, to an uncertainty in the demand variation beyond the current dispatch interval t, where m is the post-dispatch time frame to be examined. They include two parts: the part for capturing the net load variation from t to t + m and the other part for capturing the uncertainty at t + m, shown as
where URR
) is the system-wide up (down) ramping capability requirement at t, ND t is the net demand at t, and UT t+m (DT t+m ) is the uncertainty of the net load ramp up (down) at t + m. Zonal ramp -up/-down capability requirements are not required, since postdeployment constraints (16) and (17) ensure that the cleared ramp capability is deliverable among zones.
In MISO's SCUC and security-constrained economic dispatch (SCED) models, the objective function is to minimize the operating cost (in the real-time market, or RT) or the maximization of social welfare (in the day-ahead market, or DA). The FRPs will introduce additional items to the objective function, as well as new constraints to the original SCUC and SCED formulations. Those additional items and constraints vary with the method of capturing the system-wide ramping capacity, i.e., the fixed requirement method (hard requirement) and demand-curve method (soft requirement).
1) Fixed System-Wide Ramping Capability Requirement: Under this method, there is no change to the objective function of SCUC and SCED formulations. The additional or modified constraints induced from FRPs include [4] :
Zonal ramp procurement requirements:
where z is the number of reserve zones, i is the generation resource index, R Resource operating capacity constraints:
Resource FRU and FRD ramp rate constraints:
The above constraints (11)- (15) represent the required changes to the market operation models induced by FRPs; however, those constraints cannot model the impact of the postdeployment of FRPs to the transmission lines. When the cleared FRU or FRD capability is deployed during system operations, i.e., the ramping capability is converted to energy, violations of the transmission constraint limits might be observed. In addition, the cleared FRU and FRD capability in one zone may not be able to be delivered to other zones due to transmission limits. For a bulk system such as MISO, it is necessary to ensure the postdeployment deliverability of cleared FRU and FRD capability among different zones. The reserve zones in MISO are updated quarterly through offline configuration studies [95] , wherein typically the ten most-important transmission constraints are identified and violations of them will have a significant impact on system security [96] . The approach for modeling ramp procurement of FRU and FRD postdeployment transmission constraints at MISO is subject to the following four assumptions.
1) All of the cleared ramping capacity in the reserve zone will be deployed to assess the impacts on the transmission lines.
2) The system is likely to deploy ramp product and regulation reserve simultaneously to address the realized uncertainty. 3) To ensure that the power balance after ramp and regulation capacity are deployed, the locations of the nodes for ramp/reserve response and need should be predefined. 4) Regulation and ramping capability are deployed at different locations (nodes), but their need location is the same [4] . The postdeployment transmission constraint for FRU is
and for FRD ramp procurement is
where K is the set of critical transmission lines,
is the predeployment flow (operating limit) of transmission con- 2) System-Wide Ramping Capability Demand Curve: The demand curve is used to price the ramping capability violation when insufficient ramping capability is cleared in the system. It can be either a single step or multiple steps, as shown in Fig. 4 . The single step curve has been adopted at the FRPs initial stage in MISO with the demand price c being expected to be $5-20/MWh, well below the scarcity prices of contingency and regulation reserves (>$1000/MWh) [4] . The detailed rule for determining a multistep ramp capability curve like Fig. 4(b) has not been set up, but it should be similar to the one that determines the demand curves for operating reserves (ORs). According to [112] , the demand curves for ORs have four segments: 1) If less than 4% of the requirement level has cleared, the price is value of lost load (VOLL, which equals $3,500/MWh) less the maximum regulating reserve demand curve price for the month. 2) If less than 96% but more than 4% of the requirement level has cleared, the price is the product of VOLL and the estimated conditional probability of a loss of load. 3) If more than 96% but less than 100% of the requirement level has cleared, the price is $200/MWh 4) If more than 100% requirement level has cleared, the price is 0. Demand curves are defined for up and down ramp capability products separately. The calculated ramp capability requirements URR System t and DRR System t are used in the demand curves following the rule that the demand price is 0 if more than 100% requirement level is cleared. The URR System t (or DRR System t ) falls on point p and p 3 , respectively, in Fig. 4(a) and (b).
When a demand curve is adopted, the constraints (11)- (17) remain except for (12) , where the fixed URR System t , respectively. They represent the cleared system-wide ramp capacity demand based on the price-MW curve in Fig. 4 .
In addition, the term below should be added to the objective function of the original model:
where s is a step of system-wide ramping capability demand curve [s = 1 refers to Fig. 4(a) ], t is the time interval, and C UP s,t (C DN s,t ) is the price of the system up-(down-) ramping capability demand curve at step s and time t.
C. Multi-Interval FRPs
The current CAISO system has a multi-interval optimization process, which can look several intervals ahead to meet forecasted ramping needs in the UC and ED models [97] . The constraints limiting the ramping capability in multi-intervals are similar to (4) and (5); however, when the future system condition materializes, the actual ramping need may differ from the forecast. This may cause a power balance violation to the system. To address this issue, FRPs were proposed in CAISO to reduce the frequency of power balance violations by creating a ramp margin on top of the forecasted ramping needs between intervals [2] . The FRPs are incorporated into the resource dispatch framework through two processes: the predispatch process, which calculates the system-wide FRU/FRD requirements and demand curves; and the co-optimization process wherein the FRU/FRD is cleared with energy and ancillary services.
1) Predispatch Processing:
This process includes the data calculation and data processing performed prior to the execution of the dispatch models. The first results that need to be calculated are the system-wide FRU/FRD uncertainty requirements for each of the multiple dispatch intervals. Different from the MISO system, there is no zonal ramping capacity requirement in CAISO. For each interval t, the FRU/FRD requirement is composed of two parts: the movement of net load forecast in two successive intervals (ND t+1 − ND t ) and the net load forecast uncertainty at interval t, which is calculated based on the probability distribution function of historical net forecast demand error with a certain confidence level (e.g., 97.5%). The formulations for URR System t and DRR System t are similar to (9) and (10) by setting m = 1. The uncertainty of the net demand forecast errors are constructed by histograms using historical data. Separate FRU and FRD histograms are constructed for each hour.
Another piece of input data calculated in the predispatch processing is the uncertainty demand curve (UDC) or surplus variable demand curve. Different from MISO, which uses the system-wide ramping capability demand curve, as shown in Fig. 4 , CAISO introduces a surplus variable to determine the expected cost of not procuring a portion of the uncertainty. A typical UDC is shown in Fig. 5 . The slack variables s u ࣙ 0 and (19), is formulated with the UDC in Fig. 5 , wherein the surplus variables are the decision variables of the model:
where s is the price curve segment, s System-wide requirements for FRU/FRD procurements:
where i is the set of resources eligible for FRC awards, and N is the number of time periods in the multi-interval operating horizon. R DN i,t is nonpositive.
The capacity limit constraints for eligible resources:
where REG UP i,t+1 and REG DN i,t+1 (nonpositive) are the cleared regulation-up and -down capacity, respectively. The constraints (23) and (24) are similar to (13) and (14), except that in the former the ramping capacity is for interval t and the energy, regulation, and spinning reserve are for interval t + 1; whereas in the latter all the values are for interval t.
The ramping capability sharing constraints for each resource:
where γ is the ramp-sharing coefficient for FRC. The multiinterval ramp sharing constraints (25) and (26) are different from the single-interval ones (4) and (5) in that: in the latter, P i, t−1 is a known value obtained from the last dispatch interval, whereas in the former both P i, t and P i, t+1 are decision variables; and in the former, an average of the cleared regulation and spinning reserve capacity between interval t and t + 1 is used to calculate the ramping capability sharing for dispatch interval t.
D. Challenges to Implement FRPs in the Electricity Markets
The successful implementation of FRPs relies on the calculation of ramping needs, which are forecasted based on anticipated future operating conditions and historical real-time ramping needs. In the current practice of the ISOs, traditional statistical methods have been applied for the calculation. However, with the increased penetration of RESs, the ISOs are facing more challenges in doing so. One challenge is the increased need to improve the forecasting accuracy of wind and solar power, which can be achieved by advanced machine-learning methods [98] , among other means. Another challenge is the need to better utilize the large volume of historical data, which can be resolved with emerging big data techniques [99] .
In addition, the FRPs in MISO and CAISO are formulated under the conventional UC and ED framework, where SU and SD trajectories of thermal units are not considered. This may lead to the inefficient ramp management problem and impact the balance of power supply and demand [93] . A solution to resolve this issue could be adopting the "power-based" UC model [95] . 
Note: REG, SPIN, Online SUPP, and Offline SUPP refer to regulation, spinning, online supplemental, and offline supplemental reserves, respectively.
IV. MARKET OPERATION ISSUES
The FRPs are new market designs to address emerging operational challenges in maintaining power balance. Three issues arise with the implementation of FRPs in market operations, including the resources qualifications, the pricing and settlement, and the make-whole payments. In this section, the existing approaches to address those issues are introduced.
A. Resources Qualifications for FRP
The participation of resources in the ramp products is voluntary. Offline resources are not qualified to take part in the ramping capacity market. Unlike the reserve products, which have separate offers, the FRP has neither an availability offer (to indicate if a resource is eligible for ramping capacity market) nor a quantity offer (the MW quantity). Allowing the resources to submit offers instead of adopting the opportunity costs will cause false market incentives because the resources are prone to submit an "unavailable" ramp offer but high regulation reserve offer when the system has great ramping capacity demands because the regulation reserve price is higher than the ramp product price [100] . The availability of nontraditional resources for reserve and ramp products is shown in Table II , including dispatchable intermittent resources (DIRs), DRRs, long-term storage resources (LSRs), short-term stored energy resources (SERs), and external asynchronous resources (EARs). DIRs are allowed to provide FRD because they are typically scheduled at the maximum forecasted output (and operated at the maximum possible output) and are able to reduce their output very quickly when needed. DRRs (here we refer to DRR Type I in MISO [79] ) are able to reduce their loads to provide up-ramping capacity. LSRs such as pumped storage can provide both up and down ramping capacity because they can act like both a load and generator and their storage cycles are long. SERs are suggested to provide neither FRU nor FRD because their charge/discharge time is limited and they would be able to sustain the ramped energy for only a short period. EARs can provide both FRU and FRD capacity in the electricity markets.
B. Ramp Product Pricing and Settlement
Similar to the system reserves, FRPs are cleared with the marginal clearing price (MCP), which is defined as the partial derivative of the of Lagrange function with respect to the ramp decision variables R UP i,t and R DN i,t [59] , [101] , [102] . The resources cleared with FRPs will receive payments at the ramp product MCP, which enable them to have incentives to participate in the ramping capacity market. In the MISO market, the FRPs are cleared with the two-settlement system, i.e., in both the DA and RT. In the DA, the resources' ramping capacity payment equals the product of the DA MCP and DA cleared ramping capacity. In the RT, the payment is calculated as the product of the RT MCP and the difference between the DA and RT cleared volume. The CAISO market has a three-settlement system, i.e., a DA, 15-minute-market (FMM), and RT. However, the FPRs do not participate in the DA market in CAISO; thus, they are settled only in the FMM and RT, and only the cleared volume difference between the FMM and RT is used to calculate the RT payments. Note that resources receive ramping capability payments for the capacity they provide without considering the deployment of the capacity when realized. This is similar to the regulation service payment before FERC Order 755 [103] , which introduced the regulation mileage payments for compensating the actual deployment of regulation service. Another crucial issue with clearing ramping capacity is that the future intervals will affect the schedules of current intervals; thus, the cleared price must incentivize resources to perform as desired. To solve this issue, the cross-interval marginal price concept was proposed in [11] .
C. Impacts of FRPs on the Make-Whole Payment
The make-whole (or uplift) payment (MWP) in electricity markets is designed to recover the generation resources' offerbased production costs that are not otherwise covered by their market revenues [104] - [106] . It is calculated as the maximum of zero and a resource's production cost less its revenue. Because resources that participate in the ramping capability market do not submit offers for FRPs, no new production cost component for FRU and FRD will be incurred in the MWP calculation, which is different from other ancillary services, whose production costs are considered. Because the MWPs are calculated in a comprehensive way-which considers the resources' production costs and revenues of providing energy, reserves, and FRPs as a whole-the introduction of FRPs into the market will implicitly impact the MWP calculations as follows.
1) The FRPs will ensure that sufficient ramping capability is provided in the system operations, thus, reducing the price volatility and the occurrence of high penalty prices due to shortages of ramp scarcity. This will reduce the system's energy payments. 2) Qualified resources will receive additional ramp product payments, and thus their revenues tend to increase. This will tend to reduce the system's MWPs. 3) To meet the ramping capacity requirements, additional online resources will hold part of their capacities, which would otherwise be cleared as energy. Because the energy price is usually higher than the ramp product price, the revenue of the resources is decreased. This tends to increase the system's MWP [4] . Note that the above factors describe the potential impacts of FRPs on the MWP, but they are not conclusive. The change in the MWPs should be system dependent and can be determined after actual implementation practices. The costs of the FRPs will be allocated to loads and exported energy in the system [8] , [94] .
V. DISCUSSION AND FUTURE RESEARCH
There is an increasing demand for enhancing power system operational flexibility to integrate increasing renewable penetrations. FRPs, as a new market design in two major U.S. ISOs, are useful tools to reduce the power system inflexibility introduced by ramping ability scarcity. A few tangible savings are expected from implementing the FRPs in electricity markets. First, the inclusion of FPRs in the DA and RT processes will avoid the commitment of additional fast-start units, e.g., combustion turbines, to meet ramping requirements. This savings could amount to a few million dollars per year [4] . Second, the FRPs could replace the other existing mechanisms used to address flexibility. For instance, in the 5-min RT dispatch process of MISO, a demand offset value is added to the power balance equation to adjust the variability of the anticipated load forecast. By doing this, some units can be ramped up early to be prepared for the load changes. The introduction of FRPs will reduce the use of demand offsets in RT. Third, the FPRs can reduce the occurrence and magnitude of scarcity prices in both DA and RT. On the other hand, since new ramp requirement constraints are added to the UC and ED models, the FRPs will slightly increase the operating costs (similar to the role of existing ancillary service products). However, compared to the savings, the additional costs are expected to be rather small and we can expect a large production cost savings overall [94] .
Based on the analysis and discussion of the existing research literature on FPRs for enhancing power system operational flexibility, we point out various possibilities to extend relevant research in what follows.
A. Market Design
In current practice, FRPs are provided by conventional generators. With the emergence of advanced wind power forecasting techniques [98] , [107] , [108] , the negative characteristic of wind power-specifically "ramping"-can be turned into an advantageous one. The benefits of using wind power to provide FRPs are shown in [17] . Another interesting topic will be investigating the synergy between using wind to provide FRPs and AGC service [109] .
ES devices are important tools to enhance power system operational flexibility. Reference [110] analyzed the various approaches to incorporate SERs into MISO's co-optimized energy and ancillary service market. Most of the previous literature focused on how to utilize ES in the ancillary services market [110] because ES can provide fast ramping, which is a good feature to fit into the regulation mileage market after FERC Order 755. With the introduction of the ramping capacity market, ES can also benefit from participating in the FRPs. Similarly, the participation of EVs in the ramping capacity market is an interesting topic examined in [18] .
Other emerging research topics may include incorporating the new FRU and FRD models into the existing and future power system operation and control methodologies, such as look-ahead UC and ED, stochastic and robust optimization, microgrid control, and retail electricity market design.
B. Model Improvement and Validation
A significant amount of research is being carried out to address uncertainty in power system operations. Besides the stochastic and robust optimization approaches, which have a long history in the literature (though not in practice), some recent advances on this topic include data-driven robust optimization [113] , distributionally robust optimization [114] , and decision-rule approximation methods [115] . Currently, the FRPs are modeled in a deterministic form in the UC and ED problems. A future research topic will be comparing the pros and cons between the FRPs and the stochastic/robust optimization approaches.
Although some recent studies have demonstrated that FRPs could bring substantial benefits to the grid [2] , [4] , the magnitude of the benefits and the mechanisms that produce them still need to be validated through comprehensive simulations in realistic case studies.
C. Implementation Issues
Ramp capacity management is still in the initial development stage in the power industry. There are a number of practical issues for the implementation of FPRs, listed as follows.
1) The FRPs will increase the ramp up and down frequency for awarded generators. How to compensate the wear & tear costs for them is a remaining issue. 2) The FRPs increase the number of decision variables in UC and ED models. This slightly increases the run time of market simulations in the current deterministic-based models. With the implementation of stochastic optimization in the future, the computational efficiency could be an issue that cannot be ignored. 3) Using advanced computer techniques to visualize the ramp capability in the system will facilitate the operators to make better decisions in real time. 4) Policy issues such as stakeholder acceptance and the incentive of market players to participate in the FRPs. 5) Accurate modeling of demand and renewable energy forecast errors and the associated probability distributions. 6) The FRPs are implemented for transmission grids in current practices. With the development of retail market and "transactive energy" concepts [116] , how to manage ramp capacity on the distribution grid is an interesting topic. In summary, techniques, issues, and future works related to FRPs in the reviewed literature are shown in Table III .
VI. CONCLUSION
With the increased penetration of DERs in electric power systems, FRPs have become a new market design to address the challenges of maintaining balance and enhance opera- 
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